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ABSTRACT: An organism's ability to persist on wave-swept rocky shores is determined, in part, by its 
ability to resist dislodgement by waves. Resistance to dislodgement depends on hydrodynamic forces 
and on the ability of an organism to resist those forces by adhering to the substratum. In intertidal snails 
the structure upon which waves act is the shell and the structure that adheres is the muscular foot. 
We quantified: (1) shell size (defined as the maximum projected surface area, MPSA); (2) shell shape; 
(3) foot area; (4) maximum force to dislodge a snail in shear; and (5) tenacity (force per foot area re- 
quired to dislodge) of the herbivorous intertidal snail Littorina obtusata. We compared individuals that 
were collected from habitats characterized by differences in exposure to waves. Wave-exposed snails 
were smaller (lower average MPSA). In addition, snails at the wave-exposed site were shorter, and had 
larger foot area and greater dislodgement force than did protected snails of similar MPSA. The greater 
dislodgement force at the exposed site was due to larger foot area, not to greater tenacity. In fact, size- 
specific tenacity of snails from the protected habitat was greater Within each site, shape changed with 
size. Although shell width, length and MPSA scaled isometrically, shell height did not; longer shells 
were relatively short. Nor did foot area scale isometrically with MPSA; larger snails had relatively 
smaller foot areas. Assuming that MPSA is directly proportional to speed-specific drag, which is rea- 
sonable for bluff bodies, we found that dislodgement force was proportional to drag. This result sug- 
gests that increasing tenacity compensated for underscaling of foot area. In fact tenacity did increase 
with foot area, although only significantly so at the wave-exposed site. 

INTRODUCTION 

Environmental heterogeneity in the form of wave 
exposure has profound effects on rocky intertidal com- 
munities (Sousa 1979, 1984, Paine & Levin 1981) and 
the individuals inhabiting them (Denny 1983, 1985, 
Denny et al. 1985, Denny & Gaines 1990). Under- 
standing the direct and indirect effects of wave activity 
on intertidal communities is an important goal of 
marine ecology (Menge & Sutherland 1976, 1987). The 
degree to which wave exposure influences intertidal 
communities may reflect the vulnerability of the com- 
ponent species to dislodgement. By directing the adap- 
tive or evolutionary strategies of intertidal organisms, 
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wave-induced dislodgement could be a primary deter- 
minant of persistence in intertidal environments. 
Differences in the behavioral, morphological, and 
physiological responses of intertidal organisms may re- 
sult, in part, from differences among their respective 
wave-environments. A knowledge of how individuals 
respond to environmental heterogeneity is essential 
to an overall understanding of intertidal community 
dynamics. 

Waves can dislodge intertidal organisms by impart- 
ing lift, acceleration reaction, and drag forces (Denny 
et al. 1985). Mobile intertidal organisms, such as the 
littorinid snail used in this study, can resist dislodge- 
ment by: (1) using sheltered microhabitats; (2) having a 
shell morphology that reduces drag; and (3) adhering 
to the substratum. Although not investigated in this 
study, the use of sheltered microhabitats (e.g. cracks 
and crevices) has been suggested as an important 
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behavioral response reducing the effects of wave- tected or sheltered environments. With this in mind, 
imparted forces and the likelihood of dislodgement we asked 2 questions: (1) Does shell and foot morphol- 
(Denny et al. 1985, Witman 1985, Etter 1988a, Stebbins ogy differ between a wave-exposed and protected 
1988). Shell morphology may directly influence the shore? (2) If so, do snails from a wave-exposed shore 
amount of wave-imparted forces experienced by an have shell morphologies that reduce drag, as well 
organism by limiting exploitation of sheltered micro- as foot areas and tenacities that increase the force 
habitats. Both shell size and shape may limit the necessary to dislodge them? 
amount of sheltered microhabitats available to a mo- 
bile individual thereby forcing it to bear the brunt of 
prevailing flow (Kohn 1971, Emson & Faller-Fritsch METHODS 
1976, Raffaelli & Hughes 1978). Aspects of shell mor- 
phology may also have a direct role in reducing the Field sites. Field sites were chosen to represent 
likelihood of dislodgement by mitigating the effects of 2 extremes in wave-exposure: highly wave-exposed 
wave-imparted drag forces. First, differences in shell at Pemaquid Point, Maine (Menge 1976, 1978, Lub- 
shape may change the shell's coefficient of drag. chenco & Menge 1978), and protected at Potts Point, 
Second, a reduction in the amount of shell surface area Maine, USA. Data from previous work, qualitative as- 
projected into flow may also reduce the amount of sessments, and Dalby et al.'s (1978) biological criteria, 
wave-imparted drag experienced by the organism. modified for Maine's coastline (Whalon 1989), were 

Shell morphology of various intertidal organisms has used to determine the relative wave-exposure of each 
been shown to vary along a gradient in wave exposure. site. 
For example, Stebbins (1988) found that the chiton Pemaquid Point is a peninsula that projects directly 
Katharina tunicata is typically smaller on wave- into the Gulf of Maine and is characterized by ex- 
exposed shores, and Branch & Marsh (1978) found that tremely high wave action (Menge 1976, 1978, Lub- 
limpets have shell attributes that reduce drag. Denny chenco & Menge 1978). Winter storm surges can be 
(1989) documented a case in which limpet shells can particularly intense (Trussell pers. obs.). The study site, 
reduce drag in the laboratory but concluded that the which encompassed an area of approximately 15 m2, 
conditions favoring this scenario are unlikely to occur was located in a gully between a table and wall of rock, 
in the field. the table being more seaward. The surface of the rock 

The foot of littorines functions in locomotion and wall consisted of exposed granite and patchy popula- 
adherence to the substratum. The ability of the foot to tions of the barnacle Semibalanus balanoides and blue 
adhere can be influenced by the surface area of the mussels Mytilus edulis. Individual mussels and barna- 
foot and the thickness and strength of the foot mucus. cles were extremely small at  this site (< 1.5 cm in 
However, the relative importance of each of these length). The dominant invertebrates located within the 
features in facilitating adhesion to the substratum is study area were Littorina obtusata, Nucella lapillus 
still debated and poorly understood (Branch & Marsh and Acmea testudinalis. At low tide, most L. obtusata 
1978, Grenon & Walker 1981, Etter 1988a). Foot area, were found in or near cracks and crevices, and rela- 
as well as tenacity (dislodgement force per foot area), tively few could be found actively crawling on bare 
has been shown to vary with wave exposure (Kitch- substratum. 
ing et al. 1966, Miller 1974, Branch & Marsh 1978, Potts Point is located on a small peninsula that ex- 
Etter 1988a). Etter (1988a), for example, found that tends out into a well protected bay. Wave action typi- 
Nucella lapillus from wave-exposed shores had larger cally consisted of small ripples, and even on stormy 
foot areas than conspecifics from more protected days there was little wave action (Trussell pers. obs.). 
shores. The study site was a 10 m* rectangle located in the 

The work presented here focuses on wave-gener- lower-m.iddle portion of the intertidal zone. Granite 
ated drag as the primary force involved with the comprised approximately 95% of the available sub- 
dislodgement of Littonna obtusata (Denny et al. 1985). stratum and was completely blanketed by Asco- 
Because dislodgement from the substratum may inter- phyllum nodosum. The dominant macrofauna were 
fere with a variety of life history processes, including Littorina littorea, L. obtusata, Mytilus edulis, and green 
an individual's ability to forage or reproduce success- crabs Carcinus maenas. Nucella lapillus were ob- 
fully, the ability to resist wave-induced dislodgement served occasionally. L. obtusata were found primarily 
should have important implications for individual on A. nodosum and resembled the air bladders of this 
snails as well as for community structure (Menge 1974, species. C. maenas were often seen and, although no 
Etter 1988a, 1989, Judge 1988, Dudgeon & Johnson instances of predation were observed in the field, they 
1992). However, wave intensity vanes between shores are known to prey on L. obtusata (Seeley 1986, Trussell 
and may have relatively benign effects in more pro- pers. obs.). 
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Snails were collected in mid-March 1990 from 
rectangular plots previously established within each 
study area. To collect snails, 3 swaths (5 m long X 

0.30 m wide at  Pemaquid Point, 2 m long X 0.30 m 
wide at Potts Point) were set up within each rectangu- 
lar plot. The location of each swath was determined 
by use of a random number generator. A transect line 
was set in the middle of each swath and 7 to 10 indi- 
viduals were collected at haphazardly chosen inter- 
vals within each swath along the entire length of each 
transect. Snails used for the laboratory experiments 
were randomly sampled from the pool of individuals 
collected. 

Laboratory measurements. Littorina obtusata col- 
lected from each site (21 and 20 from the wave- 
exposed and protected shores respectively) were 
maintained in recirculating seawater tables (tempera- 
ture = 9 to 10°C) for 1 wk until the following mea- 
surements were made. 

Shell shape and size: This study focused on drag as 
the force most likely to influence the dislodgement of 
Littorina obtusata (Denny et al. 1985). Therefore, to 
identify the important morphological characteristics 
associated with drag we used the drag equation (Vogel 
1981): 

Drag = 0.5 C D p S  U 2  

where CD = the coefficient of drag, an empirical para- 
meter that is influenced by a number of factors, includ- 
ing shape and the Reynolds number (see Vogel 1981 
for description of Reynolds number); p = the density 
of seawater; S = maximum projected surface area per- 
pendicular to flow (MPSA); and U = water velocity. 

Mean and maximum water velocity, U, is expected to 
be greater at  the wave-exposed site (Denny 1985, 
Denny et al. 1985, Denny & Gaines 1990) than at the 
protected site because the 2 sites represent extremes 
in wave energy. Therefore, increased water velocity 
will play a role in increasing drag on Littorina obtusata 
on the wave-exposed shore. Examination of the drag 
equation (Eq. 1) reveals that snails can reduce the drag 
they experience in a given flow by: (1) reducing the 
CD of the shell, possibly by some change in shape, or 
(2) reducing MPSA. 

Shell shape: Shell shape was quantified by compar- 
isons of height, length and width of shells (measured 
as illustrated in Fig. 1) with each other as well as 
with the maximum projected surface area of the shell 
(described below). 

Shell size and maximum projected surface area: 
Waves can strike from any direction relative to snails 
attached to a substratum. For this reason, we chose the 
maximum projected surface area of the shell as the on- 
entation that would expose the shell to the greatest 
drag. MPSA was also used as our measure of shell size 

TOP VEW 

SHELL HEIGHT 

SHELL LENGTH 

Fig. 1 Littorina obtusata. Diagram indicating how length, 
height, and width were measured on snail shells 

for comparisons of foot area, force to dislodge and 
tenacity between sites (descriptions of these measure- 
ments are below). MPSA was determined from 
photographs by cutting and weighing tracings of 
the outline of the shell shown in the side view in 
Fig. 1. 

Foot area: This study focuses on foot area as the 
variable most likely to be associated with a snail's abil- 
ity to resist dislodgement. Prior to determining foot 
area, snails were numbered and a small wire hook was 
glued with marine epoxy to the highest point of the 
snail's shell. Snails were then left undisturbed for 4 8  h .  
No adverse effects appeared to result from these pro- 
cedures. After 2 d,  the foot area of each snail was 
determined by placing the snails in a holding tank with 
a transparent bottom. The hooks on each snail were 
tapped in a direction similar to the pulling action of the 
micromanipulator (used in the dislodgement force 
measurements described below) to induce maximum 
adhesion. The foot area of each snail was traced on a 
sheet of acetate taped to the bottom of the tank. This 
measurement was performed 4 times for each snail and 
the average of the 4 foot areas measured for each snail 
was .used in subsequent analyses. Snails were subse- 
quently placed on a plexiglas platform for the dis- 
lodgement experiment (see below). The area of the 
traced ellipses was determined using the cut-and- 
weigh method. 

Dislodgement force and foot tenacity: Tenacity is 
defined in this study as the dislodgement force per unit 
foot area in contact with a surface (N m-2) and was 
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determined by dividing each snail's maximum shear 
dislodgement force by its mean foot area (obtained as 
described above). 

To determine dislodgement force, snails were placed 
on a clean, smooth plexiglas platform held by a micro- 
manipulator and were allowed to move towards a 
piece of sea lettuce Ulva sp. placed in front of them. 
Oral contact with the sea lettuce was not allowed be- 
cause this could have altered adhesive abilities. Once 
the monofilament line connecting the snail's hook to a 
strain gauge beam was pulled taut, a small force was 
applied to the snail by moving its platform slowly away 
from the strain gauge beam by the use of the micro- 
manipulator. This small force caused the snail to clamp 
down tightly (Etter 1988a, Stebbins 1988, Trussell pers. 
obs.). The shape of the snail's foot was also visually 
checked to determine if it was adhering tightly. When 
adhering tightly to a substratum, snails form a small 
ellipse directly beneath the aperture with their foot. 
Although this shape reduces the possible surface area 
of the foot in contact with a surface relative to foot sur- 
face area during movement, it has been shown to pro- 
mote greater adhesion (Miller 1974, Branch & Marsh 
1978, Grenon & Walker 1981, Etter 1988a). 

Once adherence and foot shape were confirmed, 
force was increased gradually using the micromanipu- 
lator to m.ove the platform away from the strain gauge 
beam. The shear force generated by the micromanipu- 
lator was increased until the snail was dislodged and 
the corresponding dislodgement force was read from 
the chart recorder. The procedure was performed 4 
times for each snail, the maximum shear force deter- 
mined and used in all subsequent analyses. We call 
this maximum force the dislodgement force. All indi- 
viduals from both sites were tested on 4 consecutive 
days with a period of 24 h between each test. 

Scaling of shell and foot area: In this paper, mor- 
phological scaling examines the allometry between: 
(1) maximum projected surface area of the shell and 
the linear dimensions of that shell (length, width and 
height as indicated in Fig. 1); (2) MPSA and foot area; 
and (3) shell length and height. Scaling relationships 
were determined by applying standard allometric 
analysis (Schmidt-Neilsen 1984). Scaling coefficients 
were quantified by determining the slope of log-log 
plots. The equation for the line of this log-log plot is: 

log ( Y) = log (a) + b log (X) 

where Y = foot area or one of the linear dimensions of 
the shell; X = MPSA or shell length; a = the intercept 
and b = the slope of this linear equation. This slope b, 
as shown by taking the antilog of Eq. (2): 

is the exponent that expresses the allometric relation- 
ship between the rate of increase in Y per unit increase 
in X. For example, when b = 1.0, foot area is scaled to 
be isometrically similar with respect to MPSA and 
length of shells is scaled to be isometrically similar 
with respect to shell height. When b = 0.5 then the lin- 
ear dimensions of the shell are scaled to be isometri- 
cally similar with respect to MPSA. 

The interpretation of these morphological scaling 
relationships is based on the assumption that tenacity 
(dislodgement force per foot area) is independent of 
foot area. We examined this assumption by determin- 
ing the allometnc coefficient relating maximum dis- 
lodgement force to foot area. If tenacity is indepen- 
dent of foot area then b = 1; if b > 1 then larger foot 
areas have greater tenacity. Similarly, if drag (Eq. 1) is 
the important dislodgement force for these snails then 
the allometric coefficient relating dislodgement force 
to MPSA should also equal 1; if b > 1 then risk of 
dislodgement, for a snail exposed to a given flow, 
decreases as snails grow. 

Standard least squares linear regression analysis will 
generally underestimate the slope, b, for allometric 
relationships with a low RZ because of error in the mea- 
surement of the independent parameter, MPSA, shell 
length or mean foot area in our case (LaBarbera 1989). 
To estimate the effect of this error, the reliability ratio, 
K (Fuller 1987), can be estimated by using the correla- 
tion, R, between sequential measurements of the inde- 
pendent variable, where K = R .  The corrected slope, P,  
can be determined by multiplying the uncorrected 
slope of the log-log plots by 1/K (e.g. Dudgeon & 
Johnson 1992). 

To determine K for MPSA and shell length we made 
2 completely independent determinations of these 
variables (using the methods described above) on 10 
snails over the size range represented by our data and 
calculated the regression of the first with the second 
determination of these variables. The value 1/K ob- 
tained for MPSA and shell length, as determined from 
the R for this regression ( R  = 0.997 and 0.999, respec- 
tively), was less than 1.003 in both cases, which did not 
change the value of the slope that we obtained for our 
regressions. 

To determine K for mean foot area we made 8 trac- 
ings of the foot of 10 snails, 2 tracings d- '  for 4 d in a 
row. We calculated the regression of the mean value 
for foot area obtained from the first 4 measurements 
with the mean value of the foot area obtained from the 
second 4 measurements. The value for 1/K obtained for 
mean foot area, as determined from R for this regres- 
sion (R = 0.75), was 1.33. We calculated the corrected 
slope, P, by multiplying the uncorrected slope of the 
log-log plot of dislodgement force as a function of 
mean foot area by 1 / ~ .  Statistical comparison of P w t h  
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a line of slope 1.0 was obtained using the following 
t-test (with n - 2 degrees of freedom; Fuller 1987): 

t = ( p  - 1 .0) K /  SE, 

where SE, = standard error of the uncorrected slope of 
the regression line. We calculated the corrected inter- 
cept by using the mean values of logX (foot area) 
and log Y (dislodgement force), and substituting the 
corrected slope, P ,  for b in Eq. (2). 

S t a t i s t i c a l  analyses. Prior to analyses, data were ex- 
amined to determine if the assumptions of analysis of 
variance were met (Bartlett's test, p > 0.05; Underwood 
1981). ANOVA, t-tests and linear regression analyses 
were performed using 'Systat' and 'StatView' software 
on a Macintosh IIci. t-tests were used to compare the 
slopes of the log-log plots to a line with a slope of either 
0.5 (for comparison of MPSA with the linear dimen- 
sions of the shell) or 1.0 (for all other comparisons). AN- 
COVA comparisons were performed using software 
programmed by R. Etter. 

R E S U L T S  

Shell size and shape 

With the exception of shell height at the protected 
site, the linear dimensions of the shell scaled isometn- 
cally with increasing size (MPSA) at both sites ( b  was 
not significantly different than 0.5; all b between 0.45 
and 0.54, all t18 or lg  < 2.1, all p > 0.05; Fig. 2a, b ) .  At 
the protected site, shell height increased dispropor- 
tionately less than isometrically with respect to MPSA 
(b  = 0.42, t,8 = -3.08, p < 0.01; Fig. 2c). The relation- 
ship between shell height as a function of shell length 
shown in Fig. 3 indicates, however, that there actually 
was a change in size-related shell shape that occurred 
at  both sites: longer shells were relatively short (at 
both sites b < 1; protected: b = 0.77, t,, = -3.32, p < 
0.05; wave-exposed: b = 0.80, tIg = -2.60, p < 0.05). 
Furthermore, while height changed with length at  
the same rate at  both sites, shells from the wave- 
exposed site were shorter for a given length (AN- 
COVA, Table 1;  Fig. 3). 

Shells of snails from the wave-exposed and pro- 
tected sites differed in both size and shape. Snails at 
the wave-exposed site had a smaller mean size (mean 
MPSA = 0.46 cm2) than did those at the protected 
site (mean MPSA = 0.60 cm2; ANOVA: F,,,,,, = 21.4, 
p = 0.0001). While height, length and width changed 
with MPSA at the same rate at both sites and shells 
from both sites were the same width for a given MPSA, 
shells of a given size at the wave-exposed site were 
significantly longer and shorter than those from the 
protected site (ANCOVA, Table 1; Fig. 2b, c) .  

log Maximum Projected Surface h a  (MPSA) (an ) 

A 
4.10 

-0.5 -0.4 -0.3 -0.2 4.1 

log Maximum Projected Surface Area MPSA) (an ) 

4.304 . . . . 8 

-0.5 -0.4 -0.3 -0.2 -0.1 

log Maximum Prolected Surface Area (MPSA) (cm ) 

Fig 2 L~ttonna obtusata Log-log plots of (a)  shell width, 
(b) shell length and (c) shell height (all In cm) as a function 
of MPSA (cm2) for snalls from the protected slte ( A , - - - - )  and 
the wave-exposed s ~ t e  (A,-) Lines represent least squares 
regressions for data from each site Within each plot the 
slopes of lines do not diffel signlflcantly, elevations of lines 
are s~gnlficantly different for plots (b) and (c) but not for (a) 

(see Table 1 for ANCOVA and hnear regression statistics) 

Foot a r e a  

Foot area increased with MPSA at the same rate at 
each site (ANCOVA, Table 1; Fig. 4) .  At both sites the al- 
lometric coefficient for the relationship between MPSA 
and foot area was significantly less than 1 (protected: 
b = 0.83, t18 = -2.10, p = 0.05; wave-exposed: b = 0.63, 
tIg = -3.08, p < 0.01) so that larger snails had dlspropor- 
tionately smaller foot areas for their size (MPSA) than 
did smaller snails. The foot area of a snail of a given size 
(MPSA) was greater at the wave-exposed site than at 
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the protected site (ANCOVA, Table 1; Fig. 4) .  These 
site-specific differences in foot area are also demon- 
strated by the results of ANOVA comparing mean foot 
area between sites: despite their smaller mean size 
(MPSA), snails at the wave-exposed site had larger 
mean foot area (0.34 cm2) than did those at the protected 
site (0.28 cm2; ANOVA: Fjl,40)= 16.3, p = 0.0002). 

Dislodgement force and foot tenacity 

log Shell Length (cm) Dislodgement force increased with foot area at the 
same rate at each site (ANCOVA, Table 1; Fig. 5a); how- 
ever, the maximum force to dislodge a snail with a given 

Fig. 3. Littorina obtusata. ~ o g - l o g  plot of shell height (cm) foot area was greater at the protected site than at the 
as  a function of shell length (cm) for snails from the pro- wave-ex~osed site (ANCOVA, Table 1; Fiu. 5a). The lat- 

4 .  

tected site ( A , - - - - )  and the wave-exposed site (At-) .  Lines ter result of the ANCOVA is supported by the results of 
represent least squares regressions for data from each site. 
Slopes of lines do not differ significantly; elevations of lines ANOVA restricted to data in the range of overlapping 

are sianificantlv different (see Table 1 for ANCOVA and foot area (0.27 cm2 to 0.37 cm2) comparing mean 
linear regression statistics) tenacity (force per foot area) between sites: mean tenac- 

Table 1. Littorina obtusata. Results of log ( Y )  - log (X) regression analyses for relationships between various attributes of shell 
morphology, foot morphology, and adhesive ability for wave-exposed (n = 21 for all comparisons) and protected (n = 20 for all 
comparisons) snails. Also shown are the results of an ANCOVA comparing the slopes (df = 1,37 for all comparisons) and eleva- 
tions (df = 1,38 for all comparisons) of regression h e s  for wave-exposed and protected snails. The E vs P column indicates the 
direction of the significant difference in the elevations of the regression lines between the 2 populations. MPSA: maximum 

projected surface area; E: wave-exposed; P: wave-protected 

Regression ANCOVA 
Equation R2 F E vs P 

log Shell Wldth vs log Shell MPSA (Fig. 2a) 
E: log Y = 0.49 log X + 0.062 0.81 " ' Slope: 0.05 Same 
P: log Y = 0.47 log X + 0.061 0.92' ' Elevation: 0.26 Same 

log Shell Length vs log Shell MPSA (Fig. 2b) 
E: log Y = 0.54 log X +  0.20 0.89" ' Slope: 0.20 Same 
P: log Y = 0.52 log X +  0.18 0.95 ' Elevation: 12.7 ' E > P 

log Shell Height vs log Shell MPSA (Fig. 2c) 
E: log Y = 0.45 log X -  0.068 
P: log Y = 0.42 log X -  0.045 

log Shell Height vs log Shell Length (Fig. 3) 
E: log Y = 0.80 log X -  0.24 
P: log Y = 0.78 log X - 0 19 

log Foot Area vs log Shell MPSA (Fig. 4) 
E: log Y = 0.63 109 X -  0.25 058" '  
P: log Y = 0.83 log X -  0.37 0.85 ' ' ' 

log Max. Force vs log Foot Area (Fig. 5a; corrected values of slope and intercept) 
E: log Y = 2.00 log X  + 0.27 0.45 ' " 
P: log Y= 1.51 log X +  0.1.5 0.42" ' 

log Max. Force vs log Shell MPSA (Fig. 5b1 
E: log Y =  1 .16 logX-0 .26  
P: log Y = 0.96 log X -  0.47 

' p  < 0.05; "p < 0.01; " ' p  C 0.001 
- 

Slope: 0.26 Same 
Elevation: 36.0 ' ' E < P 

Slope: 0.04 Same 
Elevation: 87.0 ' ' E < P  

Slope: 1..92 Same 
Elevation: 163.0. ' E > P 

Slope: 
Elevation: 

0.60 Same 
4.91' E < P 

Slope: 0.23 Same 
Elevation: 14.0' ' ' E > P 
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log Maximum Projected Surface Area (MPSA) (cm2) 

Fig. 4 .  Littorina obtusata. Log-log plot of foot area (cm2) as 
a function of MPSA (cm2) for snalls from the protected site 
( A , - - - - )  and the wave-exposed site (A,-). Lines represent 
least squares regressions for data from each site. Slopes 
of lines do not differ significantly; elevations of lines are 
signlflcantly different (see Table 1 for ANCOVA and linear 

regression statistics) 

ity in this restricted range was greater at  the protected 
site (7.9 X 104 N m-') than at the wave-exposed site 
(6.5 X 104 N m-*; ANOVA: F(l.27) = 4.37, p < 0.05). 

Differences in tenacity did appear to occur as a func- 
tion of foot area at  the wave-exposed site, but not at 
the protected site. At the protected site the allometric 
coefficient for the relationship between mean foot area 
and dislodgement force (Fig. 5a) was not signific- 
antly different from 1 ( P  = 1.5, t,, = 1.31, p = 0.2). At 
the wave-exposed site, however, dislodgement force 
was relatively greater for larger foot areas ( P  = 2.0, 
t,, = 2.08, p = 0.05). This means that for snails from the 
wave-exposed site, larger foot areas required dispro- 
portionately greater dislodgement force (i.e. larger foot 
areas had greater tenacity). 

Although highly variable, the mean dislodgement 
force did not differ between sites (ANOVA: F(l,40) = 

0.31, p = 0.58). At both sites the allometnc coefficient 
for the relationship between MPSA and dislodgement 
force was not significantly different from 1 (protected: 
b = 0.96, t18 = -0.15, p > 0.50; wave-exposed: b = 1.16, 
t ,9 = 0.52, p > 0.50) and dislodgement force increased 
with MPSA at the same rate (ANCOVA, Table l;  
Fig. 5b). There was one difference between sites 
revealed by this analysis: the size-specific dislodge- 
ment force was greater for the wave-exposed snails 
than the protected snails (ANCOVA, Table 1; Fig. 5b). 

DISCUSSION 

Intertidal organisms exhibit various behavioral, mor- 
phological and physiological traits that aid in coping 

- l . 1 4 . . . - . '  
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 

log Foot Area (cm 2~ 

log Maximum Projected Surface Area (MPSA) (an 'J 

Fig. 5. Littorina obtusata. (a) Log-log plot of dislodgement 
force (N) as a function of mean foot area (cm') of snails from 
the protected site ( A , - - - - )  and the wave-exposed site (A,-). 

Lines represent the uncorrected least squares regressions for 
data from each site (see Table 1 for corrected linear regres- 
sion statistics). (b) Log-log plot of dislodgement force (N) as a 
function of MPSA (cm2) of snails from the protected site ( A , - - - - )  

and the wave-exposed site (A,-). Lines represent least 
squares regressions for data from each site. Slopes of lines 
do not differ significantly, elevations of lines are significantly 
different (see Table 1 for ANCOVA and linear regression 

statistics) 

with wave-imparted hydrodynamic forces. Wave- 
imparted forces, by dislodging intertidal organisms, 
may determine an  individual's ability to persist in the 
intertidal zone. Snails can reduce the likelihood of 
wave-induced dislodgement by using sheltered rnicro- 
habitats, altering the morphology of their shells in 
ways that reduce hydrodynamic forces (Branch & 

Marsh 1978), or by increasing the force with which 
they adhere (Kitching et al. 1966, Etter 1988a, Stebbins 
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1988). We examined shell and foot characteristics of 
the herbivorous, intertidal snail Littorina obtusata and 
found differences in shell morphology, foot area and 
tenacity that were not only associated with wave-expo- 
sure and snail size but which are also likely to have an 
important role in resisting dislodgement. 

Hydrodynamically induced dislodgement forces ex- 
perienced by Littorina obtusata should be greater for 
larger snails as well as for snails inhabiting more wave- 
exposed habitats. Alterations in the drag experienced 
by snails can be achieved morphologically by changes 
in shape or size (represented by CD and MPSA respec- 
tively; Eq. 1). We found: (1) that there were differences 
in size and shape between populations; and (2) that 
within both populations there were size-related differ- 
ences in shell shape. The shells of wave-exposed snails 
were smaller and relatively short compared to pro- 
tected snails of similar shell size (MPSA). Similarly, 
shells from both sites were relatively short as shells in- 
creased in length. Constructing shorter, smaller, more 
elongate shells probably lowers the risk of wave- 
induced dislodgement for 2 reasons. 

First, shell height and size (MPSA) may influence the 
availability of sheltered microhabitats (sensu Kohn 
1971, Emson & Faller-Fritsch 1976, Raffaelli & Hughes 
1978). Taller shells might exclude individuals from 
shelter, forcing them to bear the brunt of free-stream 
flow and thereby increasing their likelihood of dis- 
lodgement. The use of cracks and crevices is common 
among intertidal snails on wave-exposed shores and 
has been reported for Thais (= Nucella) canaliculata, 
7: emarginata, Littorina scutulata (Denny et al. 1985), 
N. lapillus (Menge 1978, Etter 1988a), and Acanthina 
angelica (Lively 1986). Second, decreased size (MPSA) 
as well as changes in shape may decrease drag and 
thereby decrease the likelihood of dislodgement in a 
given flow (Eq. 1). Shorter, more elongate shells, for 
example, are likely to have a lower coefficient of drag. 
Thus, high drag environments may exert selection for 
smaller, shorter, more elongate shells. 

In contrast, it appears that shell height and size were 
less important in reducing the ljkelihood of wave- 
induced dislodgement on the protected shore. 
Although increased height and MPSA are likely to in- 
crease drag in a given flow, these fea.tures may also act 
to deter predation by Carcinus maenas or to decrease 
rates of desiccation. These hypotheses have yet to be 
tested for Littorina obtusata. 

Dislodgement can be reduced not only by changing 
shell morphology, but also by increasing the force re- 
quired to dislodge; increased dislodgement force can 
be attained by increasing foot area or tenacity. The 
present analysis indicates that foot area was dispropor- 
tionately smaller for larger snails on both shores (i.e. 
b < 1.0), implying that the risk of dislodgement in- 

creased with size in these snails. Two characteristics of 
wave-exposed snails, however, indicate that they may 
be able to compensate for this increased risk. First, 
wave-exposed snails were shorter and more elongate. 
This shape difference may partially offset the mechan- 
ical consequences associated with faster flows; that is, 
shorter shells are likely to have both lower drag coeffi- 
cients as well as greater access to protected cracks. 
Second, tenacity of wave-exposed snails increased 
with increasing foot area. These data suggest that 
there may be compensating trade-offs in the shell 
shape, foot area and tenacity of wave-exposed 
Littorina obtusata. 

Greater force was required to dislodge wave- 
exposed snails of a given size because their size- 
specific foot area was greater than that of protected 
snails. Similar results regarding intraspecific variation 
in foot area in habitats of different wave exposures 
have been reported for Nucella lapillus in the Bntish 
Isles (Kitching et al. 1966) and N. lapiLlus on New 
England shores (Etter 1988a). Increases in foot area 
may be a developmentally plastic response elicited by 
wave-exposed snails that allows them to reduce the 
likelihood of dislodgement. Wave activity characteris- 
tic of the protected shore, however, may not be intense 
enough to induce the development of larger foot areas. 
Etter (1988a), for example, found that when he trans- 
planted juvenile N. lapillus from protected to wave- 
exposed shores they developed larger foot areas than 
non-transplanted controls. 

Alternatively, predation may be a mechanism re- 
sponsible for directing the development of smaller foot 
areas on protected shores. Predation on Littorina ob- 
tusata by green crabs Carcinus maenas has been doc- 
umented in the laboratory (Trussell unpubl. data) and 
field (Seeley 1986). If relatively larger foot areas devel- 
oped on protected shores, the foot mass extending 
beyond the perimeter of the aperture of the protective 
shell might make L. obtusata more vulnerable to crab 
predation. Moreover, increased visceral mass associ- 
ated with larger foot areas is likely to reduce the snail's 
ability to retract into the shell, thereby making the 
snail more vulnerable to apertural probing by crabs 
(Palmer 1990). Finally, larger foot areas may increase 
physiological stress, such, as desiccation, on protected 
shores (Vermeij 1971a, b, 1973, Etter 1988b). These 
scenarios may lead to selection for relatively smaller 
foot areas on protected shores. 

Surprisingly, tenacity was significantly greater for 
snails from the protected shore. Tenacity is influenced 
by the surface area of the foot, and the thickness and 
viscoelastic nature of the foot mucus (Branch & Marsh 
1978, Grenon & Walker 1981, Denny 1984, Etter 
1988a). Differences in tenacity and the mechanisms 
modulating tenacity between shores differentially 
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exposed to wave action are not well understood. 
Intuitively, one would expect that tenacity should 
increase with wave exposure. For example, Branch & 
Marsh (1978) found that tenacity in 6 species of patel- 
lid limpets increased with corresponding increases in 
wave exposure. Etter (1988a), however, found that 
tenacity in Arucella lapillus did not differ between 
shores of different wave-exposure. Because the differ- 
ences in dislodgement forces between shores were 
determined primarily by foot area, and since mean 
tenacity did not differ between shores, Etter (1988a) 
also suggested that it is likely that the viscoelastic 
nature and thickness of the foot mucus were similar 
between shores. The results presented here suggest 
otherwise for Littorina obtusata, and are, to the best of 
our knowledge, the first demonstration of greater 
tenacity on a protected shore. 

The mechanisms modulating tenacity are likely to 
be different on shores of different wave-exposure. On 
wave-exposed shores, wave activity is likely to be the 
primary mechanism regulating snail tenacity. On pro- 
tected shores, however, greater snail tenacity may re- 
duce the success of predators. If, as suggested earlier, 
predation is an important selective force favoring 
smaller foot areas on protected shores, then perhaps 
increased tenacity may function to compensate for 
smaller foot areas. 

Alternatively, perhaps differences in substratum use 
promote differences in tenacity between shores of dif- 
ferent wave exposure. Snails at the wave-exposed site 
were found primarily in cracks and crevices or on 
bare substratum while snails at  the protected site 
were typically found on Ascophyllurn nodosum. In- 
creased tenacity at the protected shore may function 
to increase adhesion on this relatively slippery algal 
substratum. 

In conclusion, this study suggests that wave expo- 
sure plays a role in shaping intraspecific variation in 
the shell and foot characteristics of Littorina obtusata. 
High drag environments appear to favor snails with 
smaller, shorter, more elongate shells. This morph- 
ology may function both to increase a snail's ability to 
exploit microhabitats sheltered from direct wave surge 
as well as to reduce the overall drag experienced by 
a shell in a given flow. High wave activity may also 
induce the development of larger foot areas thereby 
allowing individuals inhabiting these environments to 
resist greater dislodgement forces. Tenacity differed 
between shores, and it is possible that predation and 
substratum affinity may be important factors regulat- 
ing foot size and tenacity on protected shores. The 
work presented here suggests that shell morphology, 
foot area and tenacity have important roles in mitigat- 
ing wave-induced dislodgement in the intertidal snail 
L, obtusata. 
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